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focus	 in	 ecological	 research.	 Community	 phylogenetic	 structure	 reflects	 the	 rela-






netic	 conservation	 of	 these	 traits.	 Then,	 the	 net	 relatedness	 index	 (NRI)	 of	 shrub	
communities	 was	 calculated	 to	 characterize	 their	 phylogenetic	 structure.	 Finally,	
the	 relationship	between	 the	NRI	 and	 current	 climate	 and	paleoclimate	 (since	 the	
Last	Glacial	Maximum,	LGM)	factors	was	analyzed	to	understand	the	formation	and	
maintenance	mechanisms	of	these	plant	communities.	We	found	that	desert	shrub	





logenetic	clustering.	 It	was	 found	 that	mean	winter	 temperature	 (i.e.,	 in	 the	driest	
quarter)	was	the	major	factor	limiting	steppified	desert	shrub	phylogeny	distribution.	
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1  | INTRODUC TION
The	 formation	 and	maintenance	mechanisms	 of	 community	 biodi-
versity	 have	 been	 an	 interesting	 theme	 in	 ecological	 research	 for	










(Webb,	 2000)	 and	 generally	 holds	 that	 species,	 which	 are	 phylo-
genetically	 closer	 share	 similar	 niches	 (Burns	&	Strauss,	 2011).	By	
calculating	 the	 phylogenetic	 distance	 of	 species	within	 a	 commu-
nity	and	comparing	with	 the	 regional	 species	pool	null	model,	 the	
phylogenetic	 community	 structure	 is	 determined	 (Webb,	2000).	 If	
the	phylogenetic	relationship	between	species	within	a	community	
is	 closer	 than	 that	 predicted	 by	 the	 null	 model	 (i.e.,	 phylogenetic	
clustering),	habitat	filtering	is	more	important,	since	it	has	served	to	
cluster	species	with	similar	niches.	On	the	contrary,	if	more	species	







Since	Webb	 (2000)	 first	 applied	 the	 phylogenetic	 community	
structure	to	explain	community	construction,	this	concept	has	been	
widely	used	 in	 the	 study	of	 tropical	 rainforest	 and	 temperate	 for-
ests	(e.g.,	Döbert,	Webber,	Sugau,	Dickinson,	&	Didham,	2017;	Kraft,	
Valencia,	 &	Ackerly,	 2008;	 Letcher,	 2010).	However,	 the	 phyloge-
netic	community	structure	of	arid	and	semiarid	shrub	communities,	
especially	 temperate	desert	 communities,	 is	 poorly	 understood	 to	
date.	Environmental	aridity	could	either	serve	as	an	environmental	
filter	to	cluster	closely	related	species,	or	aggravate	niche	differen-











community	 construction.	 Nevertheless,	 either	 facilitation	 or	 com-
petition	may	result	in	phylogenetic	overdispersion	(Cavender‐Bares	
et	 al.,	 2009).	 Therefore,	 the	 role	 of	 habitat	 filtering	 in	 community	
construction	(i.e.,	phylogenetic	clustering)	is	not	necessarily	related	
to	environmental	stress.	Under	the	premise	of	niche	conservation,	
phylogenetic	 overdispersion	 could	 result	 from	 either	 competitive	
exclusion	 between	 close	 relatives	 or	 facilitation	 between	 distant	
species	(Valiente‐Banuet	&	Verdú,	2007;	Webb	et	al.,	2002).	Other	
researches	indicated	that	low	temperature	was	a	strong	habitat	fil-
ter,	 especially	 for	wood	 species	 (Qian,	 2018;	Qian,	Hao,	&	Zhang,	
2014).	Yan,	Yang,	and	Tang	 (2013)	demonstrated	an	overall	phylo-
genetic	clustering	on	the	Qinghai‐Tibetan	Plateau	and	proved	that	













geological	 history	 processes	 (Fine	 &	 Kembel,	 2011),	 the	 western	
Mongolian	 Plateau	 constitutes	 an	 ideal	 location	 for	 phylogenetic	
study	because	of	 its	ancient	flora	and	harsh	modern	environment.	
In	 the	 present	 study,	 we	 took	 plant	 communities	 in	 the	 western	
Mongolian	 plateau	 as	 a	 model,	 for	 exploring	 species	 coexistence	




shrub	 communities	would	 become	 phylogenetically	more	 overdis-












tinental	 climate,	with	precipitation	 falling	mainly	 in	 summer,	 and	
is	 cold	 and	 dry	 in	 winter	 (Fang,	 Bai,	 &	Wu,	 2015).	 The	 eastern	
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Plateau.	The	average	annual	temperature	and	average	annual	pre-




aridity	 (Wu,	 Zhang,	 Li,	&	 Liang,	 2015).	 The	 dominant	 shrubs	 are	
Salsola laricifolia,	Reaumuria soongarica,	 and	Caragana stenophylla 
in	the	steppified	desert;	Nitraria sphaerocarpa,	Potaninia mongolica,	
and	Zygophyllum xanthoxylon,	 in	the	typical	desert;	and	Artemisia 
ordosica	in	the	relatively	humid	Ordos	Plateau.	Additionally,	many	
ancient	endemic	and	endangered	 species	are	 found	 in	 the	west-
ern	part	of	the	plateau,	the	Erdos‐East	Alashan	desert	area,	such	
as	Tetraena mongolica,	Helianthemum songaricum,	Ammopiptanthus 
mongolicus,	 Amygdalus mongolica,	 and	 Gymnocarpos przewalskii 
(Zhu	et	al.,	1999).
2.2 | Field survey
This	 study	 centered	 on	 Erdos‐Alashan	 and	 extended	 eastward	
to	 the	desert	 steppe	of	 the	Wulanchabu	Plateau	 and	 the	western	
part	of	Xilin	Gol	in	China's	Inner	Mongolia	Autonomous	Region,	and	
East	 Gobi,	 South	 Gobi,	 and	 Bayankhongor	 in	 southern	Mongolia.	
We	surveyed	116	vegetation	plots	 in	total	 (Figure	1).	Typical	plant	
communities	 of	 local	 habitats	with	 little	 human	 interference	were	
selected.	At	each	plot,	we	recorded	all	shrub	and	subshrub	species	
within	 a	 10	m	 ×	 10	m	 square;	 the	 height	 and	 canopy	 (length	 and	
width)	of	each	shrub	and	subshrub	were	also	measured,	and	latitude	
and	longitude	were	recorded	by	GPS.






average	 height	 and	 canopy	 area	 of	 the	 individuals	 measured	 (no	
fewer	 than	10	 for	most	 species).	Leaf	 length	and	width	data	were	
derived	from	the	median	provided	by	the	Flora	Reipublicae	Popularis	






defines	 the	 expected	 covariance	matrix	 of	 traits.	However,	 as	 the	
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2.4 | Phylogenetic analysis of plant communities
A	list	of	all	species	recorded	in	our	survey,	and	their	general	and	




differentiation	 time	 (Webb	&	Donoghue,	 2005).	 It	 is	worth	 not-
ing	 that	while	gymnosperms	such	as	Ephedra kaschgarica	occupy	
an	important	position	in	some	communities	in	the	study	area,	the	
proportion	 of	 gymnosperms	 is	 quite	 small	 on	 a	 regional	 scale.	
However,	 the	 presence	 of	 gymnosperms	 strongly	 biases	 results	
(Feng	et	al.,	2015;	Letcher,	2010),	so	gymnosperms	were	removed	







cies	 and	 the	number	of	 individuals	 in	 each	 species,	 the	 species	 in	
the	sample	are	repeated	randomly	from	the	species	pool	999	times	







phylogenetic	 distance	 between	 species	 in	 the	 sample	 is	 greater	
than	in	the	random	null	model,	and	the	community	is	phylogenet-




Climate	 data	 were	 taken	 from	 CHELSA	 (Climatologies	 at	 high	
resolution	 for	 the	 earth's	 land	 surface	 areas,	 http://chelsa‐clima	
te.org/),	 a	 global	 climate	 data	 set	 based	 on	 the	 time	 period	
1979–2013.	 This	 contains	 19	 core	 bioclimatic	 data	 sets	 includ-
ing	 annual	 mean	 temperature	 (AMT),	 mean	 annual	 precipitation	
(MAP),	seasonal	range	of	temperature	variation,	and	precipitation	
in	 the	 driest	 quarter	 (defined	 as	 three	 consecutive	months	with	
least	precipitation,	generally	between	November	and	the	follow-
ing	March;	Table	1).	More	details	 and	calculation	methods	of	19	
climate	 factors	were	described	by	Karger	et	 al.	 (2017).	Potential	
evapotranspiration	 (PET)	and	aridity	 index	 (AI	=	MAP/PET)	were	
downloaded	from	CGIAR‐CSI	(http://www.cgiar‐csi.org).	PET	and	
AI	 are	 averages	 calculated	 from	meteorological	 data	 from	 1970	
to	 2000	 (Zomer,	 Trabucco,	 Bossio,	 &	 Verchot,	 2008).	 A	 low	 AI	
value	 indicates	a	drier	 climate,	with	an	AI	of	0.3	usually	defined	
as	the	boundary	between	arid	and	semiarid	regions	(Cardy,	1997).	
Paleoclimate	 data	 for	 the	 Last	 Glacial	 Maximum	 (LGM,	 about	
0.021	Mya)	were	downloaded	from	Worldclim	(http://www.world	







TA B L E  1  Twenty‐one	climate	factors	and	their	implications
























































     |  5ZHENG Et al.
System	Model	version	4	(CCSM	4).	Reference	to	climate	anomaly	
(current	climate—LGM;	Sandel	et	al.,	2011)	was	used	to	represent	
climate	 change	 since	 the	 Last	Glacial	Maximum.	The	 resolutions	

















the	climatic	 factors	with	 the	greatest	 impact	on	each	habitat	group.	
The	Wilcoxon	 signed‐rank	 test	 was	 used	 to	 test	 whether	 the	 NRIs	
were	significantly	different	from	zero.	The	Wilcoxon	rank‐sum	test	was	












29	 genera	 according	 to	 the	 APG	 III	 system.	 The	 three	 families	 of	
Fabaceae,	Amaranthaceae,	and	Asteraceae	comprised	57.14%	of	the	
total	species	recorded	(Table	3	and	Table	S1).
The	 21	 climatic	 factors	 were	 decomposed	 by	 principal	 com-
ponents,	with	the	first	three	components	representing	88.15%	of	
the	 variation	 in	 all	 variables.	 The	 surveyed	 plots	were	 clustered	
into	three	groups	using	UPGMA	based	on	environmental	distance:	
shrub	 communities	 in	 relatively	warm	and	humid	 sandy	habitats	
(“sandy	shrub,”	12	plots),	shrub	communities	in	relatively	dry	and	
cold	habitats	 in	 vegetation	 transition	 zones	between	desert	 and	






communities	 accounting	 for	 29.66%	 and	 70.34%,	 respectively.	
Sandy	shrub	and	desert	shrub	communities	showed	significant	phy-






3.3 | Relationship between current climate 
factors and phylogenetic community structure
The	NRI	of	desert	shrub	and	steppified	shrub	communities	increased	
with	 increasing	 AI	 (p	 =	 .01	 and	 0.14	 when	 analyzed,	 respectively	
[Figure	4a],	or	p	<	 .01	when	pooled	together	[Figure	4b]),	whereas	
the	NRI	of	sandy	shrub	communities	showed	a	decreasing	trend	(not	











tively.	 Bioclimatic	 factors	 explained	 only	 15.71%	 of	 NRI	 variation	
across	desert	shrub	communities.
3.4 | Relationship between paleoclimate 


















4.1 | Significant phylogenetic conservation of shrub 
leaf traits
Niche	 conservation	 is	 a	 necessary	 assumption	 for	 applying	 phy-
logenetic	 analysis	 to	 community	 assembly	 (Kraft	&	Ackerly,	 2010,	
Swenson,	 2013).	 Leaf	 area	 (expressed	 by	 leaf	 length	 and	 width)	
strongly	affects	plant	transpiration	and	water	use	(Cornelissen	et	al.,	
2003)	for	plant	survival	in	arid	and	semiarid	areas.	Our	results	show	
that	 leaf	 traits	 of	 shrubs	 and	 semishrubs	 demonstrate	 a	 stronger	
phylogenetic	signal	than	expected	by	the	Brownian	motion	model,	
indicating	that	leaf	width	and	length	are	phylogenetically	conserved,	
and	 that	 closely	 related	 species	 have	 similar	 traits	 (Münkemüller	 
et	al.,	2012).	Plant	height	and	canopy	are	important	parameters	for	
characterizing	 the	 ability	 of	 species	 to	 compete	 for	 light.	 Height	
and	canopy	are	influenced	by	biotic	and	abiotic	factors,	that	is,	age	
and	nutrient	availability	(Falster	&	Westoby,	2003).	This	may	be	one	
Family Number of species
Percentage of 
total species Representative genus
Fabaceae 11 23.40 Caragana
Amaranthaceaea 8 17.02 Salsola
Asteraceae 8 17.02 Artemisia
Others 11 42.55 Reaumuria,	Nitraria
Total 47 100.00 —
aThe	Chenopodiaceae	was	incorporated	into	the	Amaranthaceae	in	the	APG	III	system.	
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reason	that	height	and	canopy	have	no	significant	phylogenetic	sig-
nal.	Our	results	also	suggest	that	height	and	canopy	are	more	labile	









phylogeny.	 In	our	 study,	we	used	only	 four	 traits	 to	measure	phy-
logenetic	 signal,	which	may	provide	 incomplete	 information	 about	
phylogenetic	 conservation.	 Thus,	 more	 traits‐based	 research	 is	
needed	to	provide	adequate	evidence	of	phylogenetic	conservation	
of	traits	in	arid	and	semiarid	shrub	plants.
4.2 | Phylogenetic structure and formation 
mechanisms of shrub communities










tantly	 related	 species	 in	 these	 communities.	 Species	 competitive	
exclusion,	 facilitation	between	distantly	 related	species,	and	other	
density‐dependent	 species	 interactions	may	 contribute	 to	 the	 co-
existence	of	distantly	related	species	(Webb,	Gilbert,	&	Donoghue,	
2006),	 although	 it	 is	 difficult	 to	 isolate	which	process	 is	 responsi-
ble	 (Cavender‐Bares	 et	 al.,	 2009).	 Competition	 for	 below‐ground	










F I G U R E  3  Net	relatedness	index	(a),	phylogenetic	diversity	(b)	and	species	richness	(c)	of	shrub	communities	in	the	three	different	
habitats.	Different	letters	indicate	significant	difference	between	communities	in	different	habitats.	Asterisks	indicate	NRIs	significantly	
different	from	zero	(*p	<	.1;	**p	<	.05;	***p	<	.01)



















temperature	 lower	on	 the	Qinghai‐Tibetan	Plateau	 (over	4,000	m	
and	AMT	<	0°C	and	above	4,000	m)	than	on	the	Mongolian	Plateau	
(below	1,740	m	and	MAT	8.7°C;	Zheng,	1996),	and	low	temperature	
rather	 than	dryness	 is	a	strong	 filter	 for	survival	of	woody	plants	
(Qian	et	al.,	2014).	We	will	discuss	this	further	below.
Steppified	 shrub	 communities	 show	a	weak	phylogenetic	 clus-
tering	(p	=	.08),	indicating	an	effect	of	habitat	filtering	on	community	
construction.	 The	 weak	 (nonsignificant)	 phylogenetic	 clustering	 is	
F I G U R E  4  Changes	in	net	relatedness	index	(NRI)	of	shrub	communities	in	the	three	habitats	along	climate	aridity	(AI)	gradient	(*p	<	.01).	
(a)	Linear	regressions	of	sandy,	steppified,	and	desert	to	AI;	(b)	smooth	fitting	of	steppified‐desert	and	sandy	to	AI
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most	likely	related	to	the	fact	that	climate‐based	habitat	clustering	
cannot	fully	reflect	shrub	community	structure.	For	example,	some	
communities	 in	 this	 steppified	 shrub	 community	 group	 (phyloge-
netically	overdispersed)	show	obvious	desert	shrub	characteristics.	
Partial	least	squares	(PLS)	regression	of	NRI	against	climatic	factors	











netic	clustering	as	 temperature	decreased.	Qian	 (2018)	also	 found	





In	 recent	 years,	 shrub	 encroachment	 into	 grassland	 has	 attracted	
the	attention	of	researchers	(e.g.,	Chen	et	al.,	2015;	Eldridge	et	al.,	
2011).	Our	study	highlights	the	effects	of	 low	temperature	on	the	
phylogenetic	 structure	 of	 steppified	 shrub	 communities	 and	 indi-
cates	that,	as	global	temperature	rises,	that	 is,	as	 low	temperature	









(Kraft,	 Cornwell,	Webb,	 &	 Ackerly,	 2007).	 Species	 composition	 in	
sandy	 shrub	 communities	 is	 relatively	 simple,	 consisting	 of	 A. or‐
dosica	 +	 leguminous	 shrub	 (e.g.,	 Caragana	 sp.	 or	 Corethrodendron 











studied,	herbaceous	plants	 (synusia)	 in	 the	 steppified	desert	 com-








2015).	While	herbs	 can	occupy	a	 large	number	of	 suitable	niches,	
alternative	niches	for	shrubs	are	limited	and	only	a	few	species	can	
survive	in	steppified	shrub	communities	(Fowler,	1986).	This	is	also	






the	 dominant	 role	 of	 shrubs	 is	 also	 shared	 with	 herbs,	 except	 in	
sandy	conditions	(Fang	et	al.,	2015).
4.3 | Effect of paleoclimate and geological history 
on phylogenetic structure
Regional	 historical	 processes	 strongly	 affect	 species	 assembly	
and	community	phylogeny	(Cavender‐Bares	et	al.,	2009).	That	is,	
current	community	phylogeny	 is	 affected	not	only	by	 the	mod-
ern	 environment,	 but	 also	 by	 paleoclimate	 and	 geological	 pro-
cess	 (Kissling	 et	 al.,	 2012;	 Valiente‐Banuet,	 Rumebe,	 Verdú,	 &	
Callaway,	2006).	 Sandel	 et	 al.	 (2011)	 showed	 that	high	 climate‐
change	 velocity	 since	 the	 Last	 Glacial	Maximum	 is	 responsible	
for	the	global	absence	of	endemism	(e.g.,	amphibians,	mammals,	
and	 birds).	 Variation	 between	 the	 Last	Glacial	Maximum	 (LGM)	
and	 the	current	 climate	has	also	had	a	high	 impact	on	 the	phy-
logenetic	diversity	structure	of	Chinese	woody	community	line-
age	(Feng	et	al.,	2014).	Kissling	et	al.	(2012)	suggested	that	high	
paleoclimatic	 amplitudes,	 especially	 climate	 change	 since	 the	
Quaternary,	 are	 more	 likely	 to	 lead	 to	 phylogenetic	 clustering.	
However,	 our	 results	 unexpectedly	 show	 that	 NRI	 has	 a	 nega-
tive	 correlation	 with	 the	 lowest	 temperature	 anomaly	 (current	
MTD—LGM	MDT),	meaning	 that	 great	 temperature	 variation	 is	
conducive	 to	 phylogenetic	 overdispersion.	 Donoghue	 (2008)	





tribution	with	 climate	 change,	without	 becoming	 extinct.	 Since	
the	last	glacial	period,	the	Mongolian	Plateau	has	shown	a	clear	




the	 increase	 in	precipitation	has	 increased	 the	 competitiveness	
of	herbs,	which	 in	turn	causes	the	opposite	trend,	phylogenetic	
clustering.
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The	 typical	 desert	 area	 in	 this	 study	 belongs	 to	 the	 ancient	








Therefore,	 this	 region	 has	 high	 pedigree	 and	 species	 diversity	
(Figure	3b,c),	which	may	also	be	a	cause	of	phylogenetic	overdis-














in	 paleoclimate	 has	 opposite	 effects	 on	 community	 lineage	 struc-
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